The effect of clearance flow on the erosion characteristics of a circular cylinder with a backward facing step in sediment-laden water flow is analyzed numerically with the mixture model and the re-normalization group (RNG) k-ε turbulence model. Thirty-six monitoring points are set up on different stream surfaces to collect information on the impact erosion under different flow conditions, where the Initial Sediment Volume Fraction (ISVF) is set to 0.05, 0.075, 0.1, 0.125, and 0.15; particle diameter is set to 0.05 mm, 0.15 mm, 0.25 mm, 0.35 mm, and 0.45 mm respectively. The distribution of particle velocity and Local Solid-Phase Volume Fraction (LSVF) along different stream surfaces are calculated, based on which the trend of erosion is qualitatively evaluated. ISVF and particle diameter play different roles on the impact erosion index parameter ( 3 s s c w ) on the different wetted walls. Relative wear rate of numerical estimation agrees well with the practical one under the same working condition. Numerical analysis demonstrates that guide vane with a negative curvature end surface (concave surface) can decrease erosion damage effectively, which may provide a reference for optimal design and maintenance of hydraulic turbine.
Introduction
The guide vane of hydraulic turbine is often subjected to serious abrasion under the condition of sediment-laden flow in the Yellow River of China. The clearance flow between the seal surface of the guide vane and the bottom ring (or the head cover) of the hydraulic turbine can be simplified as a flow around circular cylinder (rotating shaft of guide vane) with a backward facing step. Flow separation, reattachment and re-development of sediment-laden water often appear in the two typical flow patterns, which can result in serious erosive damage of the guide vane and shaft as shown in Figure 1 . It is widely found in many engineering fields such as hydraulic engineering, chemical engineering and marine engineering, etc.
Erosion in hydraulic machine occurs due to the particle impact and sliding (scouring) action [1] [2] . In dilute solid-liquid flow, erosion is likely to be more due to particle impact [3] . Usually, erosion is predicted via erosion mechanisms including the characteristic of multiphase flow, properties of particle and casing together with certain empirical constants. If properties of the particle and casing material are considered to be known, erosion prediction can be divided into the computation of the multiphase flow field in the relevant component and determination of erosion coefficients. Both impact and sliding erosion coefficients are described elsewhere [1] [4] [5] [6] in the literature also.
Two-dimensional backward facing step are presented to explore the effects of step height and Reynolds number on turbulent separated flow. The effect of the expansion ratio (defined as the ratio of step height to channel height) on the reattachment length is summarized as a function of the Reynolds number. The primary and the secondary recirculation regions expand with the increase of the backward step height and then the maximum turbulent kinetic energy increases [7] [8] . It was found that the large eddy structure also has an important influence on the backward step flow [9] .
Four stages of the development of the starting vortex and the process of the pairing and merging of small vortices and the formation of large scale coherent vortices in backward facing step flow have been observed with the particle image velocity (PIV) [10] [11] . The most important finding is that the interaction of the shear layer is an important factor in the formation and shedding of the vortices in the wake region of the cylinder [12] [13] . It was found in the process of starting flow that the effect of impulsive motion is relatively strong and vortex a major role in the whole process [14] . The most serious erosion and the largest probability of sediment incipience occur at the location near the reattachment point [15] . In the gas-particle two-phase flow of the backward facing step, particle motion in the recirculation zone is weaker than that in the fully developed flow region [16] . Numerical simulation have been performed by [17] [18] [19] , presented for the detached-eddy simulation (DES) of the flow around a circular cylinder in laminar flow and at a high sub-critical Reynolds number [17] [18] . Large eddy simulation (LES) method and Reynolds average are also applied to simulate drag characteristics at high Reynolds around circular cylinder [19] .
In this study, the clearance flow between end surface of guide vane and head cover of the hydraulic turbine is simplified to a flow around circular cylinder with a backward step. The erosive characteristics have been presented with different particle diameter d and ISVF. In particular, ISVF and particle diameter have different effects on the erosion parameter ( 
Simplified Model for Flow around the Rotating Shaft of a
Turbine Guide Vane Figure 2 shows the assembly of guide vane related parts of a hydraulic turbine, where an assembly gap between the surface seal of the guide vane and the head cover plate (or bottom ring) is formed. In the operation of hydraulic turbine, sediments flow through the assembly gap with a high speed and cause serious erosion around the guide vane shaft and end surface. In order to investigate the erosion of end clearance, a simplified model for the assembly gap considering the effect on the rotating shaft of the guide vane is given, where the clearance flow is simplified to turbulent multi-phase flow around a circular cylinder with a backward facing step, as shown in Figure 3 .
About 36 monitoring points as shown in Figure 3 are located on the step, upper and bottom walls of the downstream step to collect erosion parameters information. The geometric parameters of the simplified backward step model are given in Table 1 .
Method of Liquid-Solid Two-Phase Flow Simulation

Assumptions
In consideration of the complexity of clearance flow of sediment-laden water, the following assumptions have been adopted. 1) Particles are spherical with the same diameter d.
2) The phase change is negligible.
3) The ISVF (φ i ) at the inlet is uniform.
4) All the solid walls are treated as no-slip ones.
Model and Equations of Computation
The effect of turbulent vortices on the flow is considered in the RNG-k-ε turbulence model, which can provide a good understanding of flow separation and complex secondary flow performance [20] . It has high reliability and economics of computation in engineering turbulence calculation [21] - [26] . The pressure and velocity is coupled by using the semi-implicit method for pressure-linked equations (SIMPLE) algorithm proposed by Patankar [27] .
The mixture model is a simplified Euler model used to simulate sediment-laden water flow. It can be used for numerical calculation of dilute solid-liquid flow as the particle Stokes number St << 1 coinciding with the actual working condition. So, the Mixture model and RNG k-ε turbulence model are used to simulate the complex flow field of the sediment-laden water in the clearance.
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where subscripts f and s indicate the fluid and the solid phase, α does the volume fraction, ρ the density, u the velocity, g the gravitational acceleration, F the two-phase interaction force per unit volume, and T the stress tensor, respectively.
Initial and Boundary Conditions
Initial and boundary conditions are set as follows:
1) Solid-phase particle density ρ s = 2580 kg/m 3 .
2) The velocity at the inlet boundary: V 1 = 3 m/s.
3) The ISVF (φ i ) is defined to be 0.05, 0.075, 0.1, 0.125, and 0.15 at the inlet, respectively.
4) The particle diameter d is given to be 0.05 mm, 0.15 mm, 0.25 mm, 0.35 mm and 0.45 mm, respectively.
5) The free flow condition is applied to the outlet.
6) The standard wall function is applied to all the solid walls.
Calculation Result and Discussion
In order to clarify the mesh independence of numerical results, three meshes of different number density were used and the dependence of computation results is investigated. Figure 4 shows, as a sample, the distribution of LSVF (φ l ) obtained with different cell numbers along the six monitoring position located at the step wall, which is closed to a flow separation region and numerical result is easily affected by the solution of computation mesh.
As shown in Figure 4 , the φ l distributions converge with the increasing of cell 
Solid-Phase Flow Structure
Distributions of Solid-Phase Velocity and Volume Fraction
The impact erosion rate parameters include the particle velocity w s and LSVF along the wall. In consideration of the impact erosion rate the variations of w s and LSVF are investigated. Firstly, the clearance flow has been simulated with different ISVF (0.05, 0.075, 0.10, 0.125 and 0.15) when the particle diameter d is 0.05 mm. Figure 6 and Figure 7 respectively show the variations of representative particle velocity w s and LSVF along the surface walls.
Distributions of Particle Velocity
As shown in Figure 6 is enhanced by the upwelling, which causes the velocity of particles to increase first and then decrease. The position of particle minimum speed gradually moves from the reattachment zone and to the point 1 with the increasing of ISVF. The velocity of particle increases initially and then decreases, and reaches the maximum at point 16 behind the recirculation zone II.
As shown in Figure 6 (b), the vortex in the recirculation zone I plays an important role on the aggregation of solid particles with higher speed at the edge of the vortex, which forms the disc-cutting effect on the step wall. The velocity of particles on the step wall gradually decreases from top to bottom which leads to particle accumulation at the bottom of the step. The velocity of particles at point 1 is higher than other points 2 -6 as the monitoring point 1 is affected by the mainstream rather than the vortex.
As shown in Figure 6 (c), the velocity of particles on the bottom wall increases first and then decreases. It reaches the maximum at the reattachment point.
With the increasing of ISVF, particle velocity decreases at the same monitoring point. Figure 7 shows the distribution of LSVF at different monitoring points. The LSVF decreases firstly and then slowly increases along the direction of mainstream on the upper wall as shown in Figure 7 (a). The tendency of variation on the bottom wall closely matches to that on the upper wall as shown in Figure 7 (c).
Distributions of Solid Phase Volume Fraction
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In Figure 7 (b), the LSVF increases linearly from the top to the bottom of the step with increasing of ISVF.
Effect of Particle Diameter
The velocity distribution and the LSVF of particles are investigated under different particle diameters (0.05 mm, 0.15 mm, 0.25 mm, 0.35 mm, and 0.45 mm) when the ISVF is set to 0.05 and the results are shown in Figure 8 and Figure 9 , respectively.
As shown in Figure 8 and Figure 9 , with the increase of particle diameter the particle Stokes number increases and particle's following behavior reduces. Particle inertia, vortex and upwelling play a coupling role on the LSVF and the particle velocity distribution. Behind the reattachment zone I, particles in the mainstream surfaces gradually move to the bottom of the step with increasing of LSVF at the same monitoring point, which is contrary to the situation on the upper wall.
Estimation of Particle Impact Erosion
Erosion of the wetted component can be attributed to the particle impact and abrasive erosion, described by Equation (5) The abrasive erosion with the slide action is very weak and erosion is likely to be more due to particle impact in dilute solid-liquid flow [28] . The abrasive erosion of the particles cannot be considered for the wetted components. So, the specific erosion rate has been described for a particle at speed w s hitting the wall with an angle of α [29] . As the impact angle α varies marginally at the reattachment points of the upper wall, step wall and bottom wall, the variations in the parameter θ(α) are bound to be marginal too [28] . Therefore, it would be sufficient to compare the value of index parameter 
Impact Wear Index Parameter under Different ISVF (φi)
From Figure 10 , it is found that the larger the ISVF is, the higher the value of 
Impact Wear Index with Different Particle Diameters
As shown in Figure 11 , the curves of impact wear index ( 3 s s c w ) under different particle diameters present to be approximately an inverted S-shape, an L-sharp and an inverse V-shape along the upper wall, the step wall and the bottom wall, respectively. But the effects of particle diameter on the Figure 12 The tendency of relative wear rate and the maximum wear position of guide vane experienced the practical operation, are similar to the results of numerical simulation. The maximum wear occurs at the monitoring point 12. The calculation results agree to the practice experiment values within an acceptable error range (−14.9% -10.6%) except at the points 7, 8 and 9 on the end surface (bottom wall). The increase of erosion damage in the recirculation zone may be due to the underestimate of disc-cutting effect generated by the step vortex.
Comparison of Numerical Simulation Results with Actual Erosion
Redesign
According to the above numerical simulation results we know that the maximum impact wear rate appears near the reattachment point closed to the vortex edge area in the recirculation zone. In other word, it should be possible to decrease the impact wear index by decreasing the impact velocity and eliminating the step vortex. So three redesign models with positive, zero and negative curvatures are proposed and they as respectively shown in Figure 13 . It can be found that the erosion damage along the end surface with negative curvature becomes much lesser and uniform compared to any other models. The average impact wear index is 0.18 × 10 −3 , which is decreased by 32.76% compared to the original model. According to the variations of wear rate, we understand that the end surface of guide vane with negative curvature matches to the streamlines and it can convert impact wear into scouring wear and then avoid the disc-cutting effect possibly. In other words, the guide vane with end surface of negative curvature may decreases the erosion damage and increases its operation life, which was verified by the guide vane with concave end surface [30] . 
Conclusions
The flow structure, the particle velocity distribution and LSVF in guide vane end ISVF plays a major role on the erosion damage. The particle diameter is likely to be a more significant factor for the erosion damage on the step and the bottom walls behind the recirculation zone. 4) Negative curvature surface (concave surface) for the end wall surface of guide vane may decrease the erosion damage effectively.
5) The simplified model has been demonstrated to be effective for predicting the erosion of guide vane system.
